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EvolutionThe evolution and diversiﬁcation of vertebrate behaviors associated with locomotion depend highly on the
functional transformation of paired appendages. Although the evolution of ﬁns into limbs has long been a
focus of interest to scientists, the evolution of neural control during this transition has not received much
attention. Recent studies have provided signiﬁcant progress in the understanding of the genetic and
developmental bases of the evolution of ﬁn/limb motor circuitry in vertebrates. Here we compare the
organization of themotor neurons in the spinal cord of various vertebrates. We also discuss recent advances in
our understanding of these events and how they can provide a mechanistic explanation for the evolution of
ﬁn/limb motor circuitry in vertebrates.rakami),
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
Paired appendages are one of the most successful evolutionary
innovations of vertebrates, allowing substantially improved locomo-
tion. The development of paired appendages required not only the
acquisition of peripheral targets in the limbs but also the speciﬁcation
and organization of motor neurons in the spinal cord.
Motor neurons that innervate limb muscles are segregated into
lateral motor columns (LMCs), and the emergence of the LMC is
thought to be associated with the acquisition of paired limbs in the
body trunk. In contrast, the spinal cord of limbless agnathan lampreys
lacks LMC-like motor neurons (Fetcho, 1992; Kusakabe and Kuratani,
2005), and the motor neurons innervating the paired ﬁns of
actinopterygian ﬁshes are not segregated into an LMC but segregate
into pools (Finger and Kalil, 1985; Myers, 1985). In tetrapods,
forelimbs and hindlimbs are positioned at the level of Hox6 and
Hox10 expression in the spinal cord, and the LMCs are generated at
the same levels. In actinopterygian ﬁshes, pectoral ﬁns appear at the
anterior end of the body trunk, but the position of pelvic ﬁns varies
among species from abdominal to thoracic and even jugular levels. It
is thus interesting to ask whether Hox-dependent mechanisms of
appendicular innervation have already been established in the spinal
cord of actinopterygian ﬁshes.Recently, developmental and evolutionary aspects of the motor
neurons that innervate paired ﬁns of ﬁshes have been described
(Dasen et al., 2008; Ma et al., 2010; Murata et al., 2010). Ma and
colleagues showed that ancestral pectoral innervation has a dual
origin in the hindbrain and spinal cord and proposed that the caudal
displacement of the pectoral motor neurons during vertebrate
evolution was caused by a positional shift of Hox expression along
the rostrocaudal axis (Ma et al., 2010). On the other hand, we showed
that the Hox-dependent mechanism specifying motor neurons along
the rostrocaudal axis is not involved in pelvic ﬁn innervation (Murata
et al., 2010). In addition to these comparative analyses, transgenic
analyses have provided important insights into the evolution of
mechanisms that specify the motor neurons that innervate ﬁn/limb
muscles. It was shown that expression of the Hox co-factor FoxP1 in
tetrapods is restricted to neurons in the preganglionic column (PGC)
and LMC and that levels of FoxP1 expression specify PGC and LMC
identities (Dasen et al., 2008). Neurons in the PGC innervate the
sympathetic ganglia. Interestingly, the PGC and LMC neurons seem to
have acquired in accordance with the emergence of their peripheral
targets, a sympathetic nervous system and paired ﬁns (Fetcho, 1992;
Funakoshi and Nakano, 2007). Furthermore, depletion of FoxP1 from
mice seems to mimic the primitive condition of the spinal cord by
converting the PGC and LMC to a hypaxial motor column (HMC).
However, HMC-like neurons at limb levels can still innervate
encountered limbs, as observed in pelvic ﬁns of ﬁshes (Dasen et al.,
2008), suggesting that appendicular innervation can be achieved prior
to the establishment of a Hox-FoxP1-dependent motor neuron
speciﬁcation system.
In this review, we discuss recent advances in our understanding of
the process of motor neuron innervation of ﬁns and limbs during
vertebrate evolution.
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In aquatic vertebrates such as lamprey, teleosts, and amphibians,
motor neurons that innervate the myomeric axial muscles of the body
trunk are born in two distinct phases that give rise to primary and
secondary motor neurons (Fetcho, 1987). Primary motor neurons,
which are born early and have relatively large cell bodies, innervate
the fast white muscles of the body trunk via axons that are in close
association with Mauthner neurons. Mauthner neurons are used for
escape behaviors in an aquatic environment (Zottoli, 1977). Second-
ary motor neurons, which are born later and have smaller cell bodies,
directly innervate the red (and white in some teleosts) muscles of the
trunk without associating with Mauthner axons (Fetcho, 1987).
Although the origin of appendicular motor neurons is not yet clear,
pectoral motor neurons of zebraﬁsh, which are located in the
ventrolateral portion of the ventral horn, are described to have
several characteristics in common with secondary motor neurons
(Myers, 1985).
In tetrapods, spinal motor neurons segregate into discrete columns
at speciﬁc positions along the rostrocaudal axis (Fig. 1). Cell bodies of
motor neurons located in the lateral portion of the ventral horn
segregate to the LMCs at brachial and lumbar levels and innervate
the limbs (Lance-Jones and Landmesser, 1981; Landmesser, 1978). At
the thoracic level, PGC neurons innervate the sympathetic ganglia,
whereas HMC neurons send axons to the body wall muscles (Gutman
et al., 1993; Prasad and Hollyday, 1991). In contrast to these motor
columns that form at speciﬁc rostrocaudal positions, median motor
columns (MMCs) are formed along the entire length of the spinal cord
and innervate the dorsal axial musculature (Fetcho, 1987; GutmanTetrapods
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Fig. 1. Organization of motor neuron columns and Hox proteins in the spinal cord of tetrapod
of the spinal cord. Lateral motor columns (LMCs) are generated at brachial and lumbar limb
innervates the sympathetic ganglia (scg), whereas the hypaxial motor column (HMC) inner
the spinal cord and innervate the dorsal axial musculature. Hox6, Hox9, and Hox10 are exp
identity of motor neurons and their connectivity to peripheral targets. Hox6 controls brachi
identity. After (Dasen and Jessell, 2009; Fetcho, 1992; Gutman et al., 1993).et al., 1993). Expression of Hox proteins in the spinal cord correlates
with positions where discrete motor column subtypes are formed.
Hox6 paralogs segregate with brachial LMC neurons, Hox9 paralogs
segregate with PGC neurons, and Hox10 paralogs segregate with
lumbar LMC columns (Fig. 1; Dasen et al., 2003; Shah et al., 2004; Wu
et al., 2008). Thus, Hox expression seems to direct the identity of each
motor neuron column. Misexpression of Hoxc9 at the brachial level
converts LMC neurons into PGC neurons, whereas misexpression of
Hoxc6 or Hoxd10 at thoracic levels converts PGC and HMC neurons
into LMC neurons (Dasen et al., 2003; Shah et al., 2004). Furthermore,
the distinct speciﬁcation of the motor columns is controlled by
reciprocal repression between Hox proteins. Hox6 and Hox10 repress
expression of Hox9 in the spinal cord, and Hox9 represses expression
of Hox6 or Hox10 (Dasen et al., 2003).
LMC neurons that send axons to the limbs undergo two more
segregation steps during spinal cord development. At brachial and
lumbar limb levels, LMC neurons are divided into the medial and
lateral divisions, which project axons to the ventral and dorsal sides of
the limbs, respectively. Medial LMC neurons typically innervate the
ﬂexor muscles, whereas lateral LMC neurons innervate the extensor
muscles (Landmesser, 1978; Tosney and Landmesser, 1985a, b).
Subsequently, motor neurons that innervate individual muscles
segregate into different motor pools (Romanes, 1942).
During evolution of the vertebrate body plan, speciﬁcation of
motor columnar subtypes in the spinal cord seems to have been
established in accordance with the emergence of novel targets.
Primitive vertebrates such as lampreys seem to have neurons with
MMC and HMC characteristics within the spinal cord but lack neurons
with PGC and LMC characteristics (Fetcho, 1992; Kusakabe andracic Lumbar
LMCHMC
Hindlimb wall
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s. Motor neuron columns are generated at speciﬁc positions along the rostrocaudal axis
levels and innervate limb muscles. At thoracic levels, the preganglionic column (PGC)
vates the body wall muscles. Median motor columns (MMCs) are present at all levels of
ressed in speciﬁc regions of the spinal cord along the rostrocaudal axis and direct the
al LMC identity, Hox9 controls PGC and HMC identity, and Hox10 controls lumbar LMC
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neurons is linked to the acquisition of the sympathetic nervous
system and limbs in the body of vertebrates (Dasen et al., 2008).
In chick and mouse embryos, motor neuron precursors that
express Pax6 (paired box gene 6) and Lhx3/4 (LIM homeobox 3/4)
appear in the ventral neural tube (Ericson et al., 1997; Sharma et al.,
1998). After cell cycle arrest, they express Isl1/2 (ISL LIM homeobox
1/2) andHb9 (homeobox gene Hb9), markers of differentiatedmotor
neurons (Arber et al., 1999; Sharma et al., 1998; Tanabe et al., 1998;
Thaler et al., 1999; Tsuchida et al., 1994). This set of transcription
factors seems to deﬁne the ancestral state of spinal motor neurons
(Landgraf and Thor, 2006). For further diversiﬁcation, neurons must
lose the inﬂuence of Lhx3/4 (Sharma et al., 2000). Motor neurons
innervating hypaxial muscles and limb muscles lose Lhx3/4 expres-
sion before gaining expression of retinaldehyde dehydrogenase 2
(RALDH2), a major retinoic acid-generating enzyme (Sharma et al.,
2000). Retinoic acid signaling induces Lhx1 expression in lateral LMC
neurons, and Lhx1 then activates expression of the guidance receptor
EphA4. EphA4 guides motor axons into the dorsal side of limbs
(Eberhart et al., 2002; Kania and Jessell, 2003). Together, these
ﬁndings suggest that LMC neurons are speciﬁc populations ofFig. 2. Evolution of motor neuron organization in the spinal cord. Motor neurons (Mn) in the
(Mn) are in the ventral horn. In teleosts such as zebraﬁsh and the sea robin Prionotus caroli
paired ﬁns. Motor neurons in sea robins, which possess movable ﬁn rays, are segregated into
motor neurons located in the lateral portion of the ventral horn segregate into the LMC an
column and lack the LMC. ASL, accessory spinal lobes; DH, dorsal horn; DMn, dorsal motor n
ventral motor neuron(after Cruce, 1974; Fetcho, 1987; Finger and Kalil, 1985; Myers, 1985neurons that descended from the HMC neurons that innervate
hypaxial muscles. Interestingly, the limb muscles that are targets of
the LMC neurons are also derived from a lateral population of the
hypaxial muscle precursors. Thus, limb muscles and their neuronal
inputs appear to have evolved from a subset of hypaxial muscles and
their neuronal inputs.
Evolution of motor neuron organization in the spinal cord
Organization of the spinal motor neurons seems to have
undergone sequential evolutionary changes to control the muscles
in paired appendages that were acquired in the body of primitive
vertebrates (Fig. 2).
Spatial collinearity ofHox gene expression in the spinal cord seems
to have been established in the lineage of the limbless agnathan
lampreys. In lampreys, the anterior borders of Hox6 and Hox10 are
located at the anterior and posterior ends of the body trunk,
respectively (Takio et al., 2004, 2007). However, lampreys do not
possess motor neurons with LMC characteristics, although they
possess MMC-like neurons in the ventral horn of the spinal cord
(Fig. 2; Fetcho, 1992; Kusakabe and Kuratani, 2005). In teleostventral horn (VH) of the gray matter are shown. In lampreys, MMC-like motor neurons
nus, motor neurons located in the ventral portion (VMn) of the ventral horn innervate
discrete pools. In the lineage of tetrapods, including amphibians, reptiles, andmammals,
d innervate limbs. Motor neurons in the python snake form a single continuous MMC
euron; MMC, medial motor column; LMC, lateral motor column; VH, ventral horn; VMn,
; ten Donkelaar, 1998).
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horn innervate the paired ﬁns (VMn in Fig. 2; Myers, 1985). Such
appendicular motor neurons in teleost ﬁshes do not segregate into
columns, and abductor and adductor motor neurons are mingled
within the spinal cord (Thorsen and Hale, 2007).
Signiﬁcant modiﬁcation of the developmental plan of the motor
column seems to have occurred during the divergence between
actinopterygians and tetrapods. In tetrapods, motor neurons located
in the lateral portion of the ventral horn segregate to the LMC and
innervate the limbs (LMC in Fig. 2). In addition, abductor and adductor
motor pools are generated at speciﬁc rostrocaudal positions within
the LMC.Motor neurons in themedial portion of the ventral horn form
a slender MMC and innervate the trunk/axial musculature (MMC in
Fig. 2). This organization of spinal cord motor neurons is conserved
among tetrapods, including anuran amphibians, reptiles, and mam-
mals (Fig. 2; Cruce, 1974; ten Donkelaar, 1998).
Morphological links between the organization of motor neurons
and their peripheral targets have been suggested. For example, in the
sea robin, a teleost ﬁsh possessing movable ﬁn rays, motor neurons
that innervate the muscles associated with each ﬁn ray are segregated
into discrete pools at speciﬁc rostrocaudal levels of the spinal cord
(Fig. 2; Finger and Kalil, 1985). In the turtle Testudo, motor neurons
are absent in thoracic regions due to the absence of trunkmuscles (ten
Donkelaar, 1998). Furthermore, the spinal motor neurons of pythons
form a single continuous column comparable to the MMC and
apparently lack an LMC (Fig. 2; Kusuma et al., 1979; Fetcho, 1987).
In summary, motor neurons of actinopterygian ﬁshes do not
segregate into the LMC, but ventral motor neurons (VMns) at a
topologically similar location in the spinal cord send axons to the
muscles of paired ﬁns. To understand the molecular basis of how VMns
segregate into the LMC, the evolution of paired appendages, the targets
of the LMC, will be discussed in the next section.
Evolution of paired appendages
According to fossil records, two pairs of ﬁns seem to have been
acquired in the lineage of gnathostomes. In both ﬁshes and tetrapods,
the anterior paired appendages (pectoral ﬁns/forelimbs) are usually
located at the anterior end of the trunk, whereas the posterior paired
appendages (hindlimbs/pelvic ﬁns) are generally located at the
posterior end, near the anus. Pelvic ﬁns of primitive ﬁshes, such as
chondrichthyans and sarcopterygians, arose just in front of the anus,
near the posterior end of the abdominal cavity (Nelson, 1994; Rosen,
1982), and connection of the pelvic girdle with the spine allowed
terrestrial sarcopterygians (tetrapods) to walk on land. All terrestrial
tetrapods, therefore, have hindlimbs adjacent to the anus, whereas
pelvic ﬁns of teleost ﬁshes are located at various positions along the
body (Nelson, 1994; Rosen, 1982). We recently explored the
molecular and developmental basis for the rostral shift of the pelvic
ﬁn among teleost ﬁshes (Murata et al., 2010).
The molecular basis controlling limb position along the rostrocaudal
axis is largely unknown. There is substantial evidence that Hox
expression in the spinal cord or somitic mesoderm speciﬁes the axial
pattern (Gruss and Kessel, 1991), and Hox expression in the lateral plate
mesoderm may similarly specify rostrocaudal position to give forelimbs
and hindlimbs (Cohn et al., 1997). In the spinal cord of chick embryos,
ectopic expression of Growth differentiation factor 11 (Gdf11) causes
rostral displacement of the limb buds. Such shifts in limb position are
accompanied by changes in Hox expression, as well as shifts in the
positions of LMCs, motor pools, and nerve projections (Liu, 2006). These
events seem to be caused by secretion into the spinal cord and lateral
plate mesoderm of Gdf11 or unknown factors controlled by Gdf11.
Compared to tetrapods, the position of pelvic ﬁns among teleost
ﬁshes tends to have shifted rostrally during evolution. Our recent
studies demonstrated that the prospective pelvic ﬁn cells of zebraﬁsh
and Nile tilapia are originally located near the anus, as in sarcopter-ygians, but their position shifts with respect to the body trunk after
their protrusion (Murata et al., 2010). Presumptive pelvic ﬁn cells may
receive positional cues from the body trunk prior to trunk protrusion,
and regulation of ﬁn position by Gdf11 is also conserved in teleosts
(Murata et al., 2010).
Collectively, the roles of Gdf11 for deﬁning the position of ﬁns/
limbs and of Hox expression in the spinal cord have been conserved
among tetrapods and teleost ﬁshes. In addition, Gdf11 plays roles in
specifying Hox-dependent LMC position in tetrapods. Thus, it is
interesting to knowwhether the positioningmechanisms of the spinal
motor neurons projecting to appendicular muscles are conserved
among teleost ﬁshes.
Limb muscles of tetrapods and pectoral ﬁn muscles of actinopter-
ygians are derived from a population of migratory muscle precursor
cells generated at limb levels via activity of the LIM-homeodomain
transcription factor Lbx1. On the other hand, ﬁn muscles of
chondrichthyan dogﬁsh are derived from epithelial extensions of
somites (Neyt et al., 2000). The formation of ﬁn muscles in
chondrichthyans is similar to that of hypaxially derived intercostal
and body wall muscles in interlimb regions of amniotes. In amniote
embryos, epithelial buds protrude from the ventral somite and give
rise to the intercostal and body wall muscles (Cinnamon et al., 1999;
Dietrich et al., 1998). Thus, the mechanisms that generate hypaxial
muscles from the lateral somitic buds of interlimbs are primitive, and
migratory muscle precursor cells in ﬁn/limb levels that generate the
appendicular muscles emerged prior to the sarcopterygian radiation
(Neyt et al., 2000). In light of these facts, it is interesting to contrast
the evolution of LMC neurons to that of limb muscles. As mentioned
above, LMC neurons are believed to have descended from HMC
neurons that innervate hypaxial muscles. Thus, populations of HMC
neurons at the ﬁn level seem to have transformed into LMC neurons
subsequent to the emergence of migratory muscle precursors derived
from the hypaxial muscles. Appendicular muscles of both tetrapods
and teleost ﬁshes originate from migratory muscle precursors that
delaminate from the hypaxial muscles. However, teleost motor
neurons projecting to appendicular muscles do not generate LMC
columns from the prospective HMC-like neural populations, unlike
those of tetrapods, suggesting that the molecular basis of transform-
ing HMC neurons to LMC neurons may not yet be established in
teleost ﬁshes. We will discuss such a molecular mechanism for
transforming HMC neurons to LMC neurons in the last section. In the
next section, we will address differences in appendicular innervation
between the pectoral and pelvic ﬁns.
Innervation of pectoral ﬁns
Recently, several papers describing the motor neuron innervation
of paired ﬁns have been published (Ma et al., 2010; Murata et al.,
2010). The trajectories of nerves into the pectoral and pelvic ﬁns of
adult ﬁshes have been studied in teleosts and sarcopterygians (Braus,
1898; Parenti and Song, 1996). Phylogenetic comparative studies
were performed for broad ranges of teleost ﬁsh groups by Parenti and
Song (1996). Their anatomical analysis of teleosts revealed that
pectoral ﬁn muscles are innervated by motor components of the
spino-occipital (SO) nerve and the spinal nerves exiting vertebrae 1
and 2 (S1 and S2) (Parenti and Song, 1996). These results suggest that
the ancestral innervation of pectoral muscles has a hindbrain–spinal
cord dual origin. However, nerve trajectories in adult ﬁshes alone
cannot be used to identify the ancestral innervation pattern, as fusion
of the occipital region of the skull with anterior vertebrae could lead
to modiﬁcation of the occipital skull during ﬁsh development (Ma
et al., 2010). Recently, this problem has been addressed by using a
combination of embryonic and anatomical approaches (Fig. 3; Ma
et al., 2010). Ma and colleagues performed a comparative develop-
mental analysis of the basal actinopterygian paddleﬁsh, the cyprini-
forms zebraﬁsh and goldﬁsh, the salmoniforms salmon and trout, and
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Fig. 3. Innervation patterns of pectoral ﬁns in ﬁshes. In ﬁshes, pectoral motor neurons originate from both the hindbrain and spinal cord, rather than from the spinal cord alone as in
tetrapods. Ma et al. (2010) proposed that the caudal shift ofHox expression, which controls the identity of motor neurons, led to the caudal shift of pectoral motor neurons during the
evolution of tetrapods. The anterior border of hox6 expression in the spinal cord at the caudal part of the hindbrain (light green bar) was adapted fromMa et al. (2010). The anterior
borders of hox6 paralogs were reported to be at the levels of somites 1/2 (hoxb6), 2/3 (hoxc6), and 3/4 (hoxy6/hoxc6b) in 20-somite zebraﬁsh embryos (Prince et al., 1998).
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pectoral motor neurons using a zebraﬁsh hoxb4a enhancer trap line
that demarcates the hindbrain–spinal cord boundary. The authors
labeled ﬁn buds in various actinopterygian ﬁshes with dye and
showed that pectoral motor neurons exhibit a conserved pattern of
dual origin in both the hindbrain and spinal cord (Fig. 3). They also
examined the trajectory of nerves in sarcopterygian lungﬁshes and
more basal cartilaginous chimera ﬁsh and observed similar hind-
brain–spinal cord innervation of the pectoral ﬁns. Use of the hoxb4a
enhancer trap line of zebraﬁsh and transgenic analysis conﬁrmed the
results of their dye-labeling experiments. Together, these ﬁndings and
previous observations suggest that a dual hindbrain–spinal cord
origin of pectoral motor neurons is the primitive condition for jawed
vertebrates (Fig. 3). Based on these observations, they proposed the
interesting hypothesis that evolutionary shifts in Hox expression in
both the neuroepithelium and the mesoderm along the rostrocaudal
axis may have led to the eventual decoupling of pectoral motor
neurons from the hindbrain (Ma et al., 2010). The endoskeleton of
pectoral ﬁns of fossil ostracoderm cephalaspids was articulated to the
cranium (Janvier, 1996), and the decoupling of this articulation was
observed in the fossil sarcopterygian Tiktaalik during the water-to-
land transition (Daeschler et al., 2006; Shubin et al., 2006). It was,
therefore, suggested that the decoupling of this pectoral–cranium
articulation may have led to the dissociation of pectoral innervation
from the hindbrain, probably due to a shift in Hox expression, and the
consequent increase in head mobility (Ma et al., 2010). However, it
remains uncertain whether the positioning of appendicular motor
neurons in actinopterygians depends on Hox expression. Hox-
dependent appendicular motor columns (LMCs) have not emerged
in the lineage of actinopterygians (Fig. 2). Furthermore, the anterior
borders of hox6 paralog expression have been reported to be aligned
with somite 1/2 (hoxb6), 2/3 (hoxc6), and 3/4 (hoxy6/hoxc6b) in 20-
somite zebraﬁsh embryos (Prince et al., 1998).
In summary, the position of the spinal motor neurons innervating
pectoral muscles has shifted from an ancestral hindbrain–spinal
origin to a spinal origin. A fascinating model suggested that such
positional shifts may have been caused by evolutionary shifts in Hoxexpression (Ma et al., 2010), but it remains uncertain whether the
molecular basis for Hox-dependent innervation of pectoral muscles
has already been established in the spinal cord of actinopterygian
ﬁshes. Future studies should address whether the Hox-dependent
mechanism by which motor neurons were speciﬁed in actinopter-
ygians has been established for pectoral ﬁn innervation.
Innervation of pelvic ﬁns
Hox-dependent speciﬁcation of the spinal cord along the rostro-
caudal axis has not been established for teleost pelvic ﬁn innervation
(Murata et al., 2010). In teleosts, the position of the pelvic ﬁns varies
between species, ranging from abdominal to thoracic, and even
jugular levels (Nelson, 1994; Rosen, 1982). Similarly, motor compo-
nents innervating pelvic ﬁn muscles project from various levels along
the rostrocaudal axis (Goodrich, 1958; Parenti and Song, 1996). For
example, in a group of primitive teleosts, innervation of pelvic ﬁns
generally begins with the motor component of S3 and/or more
posterior spinal nerves, whereas in advanced acanthomorphs, motor
components of SO, S1, and S2 innervate pectoral ﬁn muscles (Parenti
and Song, 1996).
In tetrapods, Hox10 speciﬁes the LMC at the lumbar level, and the
motor neurons in the lumbar LMC innervate the hindlimbs. To
investigate whether the cell bodies of motor neurons that innervate
the musculature of pelvic ﬁns reside in regions of hox10 expression
in teleost ﬁshes as in tetrapods, we performed retrograde labeling of
motor neurons that innervate the pelvic ﬁns of zebraﬁsh and Nile
tilapia larvae (Murata et al., 2010). In zebraﬁsh larvae, pelvic ﬁns are
innervated by motor neurons residing above pectoral ﬁns at the level
of somites 8–9, although the anterior border of hoxc10a is near
somites 12–14 during embryogenesis (Fig. 4A). Similarly, in Nile
tilapia larvae, pelvic ﬁns are innervated by motor neurons residing
above pectoral ﬁns at the level of somites 3–4, but the anterior
border of hoxc10a in the spinal cord is around the somite 10 level
during embryogenesis (Fig. 4B). These results show that in teleost
ﬁshes, unlike tetrapods, the pelvic ﬁn musculature is innervated by
motor neurons whose cell bodies reside at the same level as the
Pelvic fin
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hox10
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Fig. 4. Innervation patterns of pelvic ﬁns in teleost ﬁshes. Schematic patterns of motor neurons that innervate the pelvic ﬁns in zebraﬁsh (A) and Nile tilapia (B). Zebraﬁsh has pelvic
ﬁns at an abdominal position (A), whereas Nile tilapia has pelvic ﬁns at a thoracic position (B). In both ﬁshes, the pelvic ﬁns are innervated by motor neurons residing directly above
the pelvic ﬁns, not at the anterior border of hox10 expression (green bars). (B′) FITC-conjugated dextran was injected into the proximal region of the pelvic ﬁn (pel) to label motor
neurons (arrowheads) (after Murata et al., 2010).
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expression. In other words, the Hox-dependent mechanism by which
teleost ﬁshes specify motor neurons along the rostrocaudal axis has
not been established with regard to pelvic ﬁn innervation (Murata
et al., 2010).
In chondrichthyes, themusculature of both pectoral and pelvic ﬁns
is derived from epithelial extensions of the somites (Neyt et al., 2000),
and the motor neurons that reside above the paired ﬁns seem to send
their axons to appendicular muscles. In teleost ﬁshes, the develop-
mental and evolutionary processes that specify pelvic ﬁn muscles
have yet to be resolved. Teleost pelvic ﬁn muscles could be derived
from lbx-positive migratory muscle precursors as in tetrapods or from
epithelial extensions of somites as in chondrichthyes. In this regard, it
will be interesting to ask whether the advent of Hox-dependent
innervation of motor neurons is linked to the transition of the
developmental process of musculature in vertebrate posterior
appendages.
Primitive aquatic vertebrates possess motor neurons equivalent to
those in the MMC and HMC, but lack LMC- or PGC-like neurons. Thus,
the acquisition of LMC and PGC neurons is thought to be associated
with the emergence of their peripheral targets (Fetcho, 1992;
Funakoshi and Nakano, 2007). Recent work in transgenic mice has
revealed that the Hox co-factor FoxP1 is expressed in Hox-sensitiveneurons in the PGC and LMC, but is excluded from primitive Hox-
independent neurons in the MMC and HMC. Furthermore, there is
evidence that expression levels of FoxP1 specify PGC and LMC identity
(Dasen et al., 2008). Based on these ﬁndings, an essential role for
FoxP1 in expanding the diversiﬁcation of motor columns has been
discussed. These ﬁndings suggest that presumptive HMC neurons, in
the absence of Lhx3/4, gain sensitivity to Hox, and thus can be
inﬂuenced by the level of FoxP1 expression. At brachial/lumbar limb
levels of the spinal cord, therefore, the Lhx3/4-negative motor
neurons can be affected by high levels of FoxP1. In fact, reducing the
function of FoxP1 converts LMC neurons to HMC neurons, which can
then innervate the encountered limbmusculature (Fig. 5; Dasen et al.,
2008). These results are consistent with our current ﬁndings that
motor neurons in zebraﬁsh and Nile tilapia, which lack an LMC,
innervate the musculature of pelvic ﬁns in a hox-independent manner
(Murata et al., 2010). Interestingly, foxp1 signals spread throughout
the whole spinal cord by the 20-somite stage in zebraﬁsh embryos,
but levels of foxp1 expression are elevated in the anterior portion and
downregulated in the posterior portion of the spinal cord (Cheng
et al., 2007).
In teleost ﬁshes, innervation of pelvic muscles by motor neurons
does not seem to be dependent on expression of any particular hox
genes in the spinal cord. It is unlikely that the Hox–FoxP1 network has
Brachial Thoracic Lumbar
HMC
Forelimb Hindlimb
FoxP1-/-
MMC
Spinal cord
Body wall
Axial
Fig. 5. Organization of motor neuron columns in FoxP1 knockout mice. In the absence of FoxP1, LMC and PGC neurons convert to an HMC identity. Although innervation of
sympathetic ganglia is defective, HMC neurons at brachial/lumbar limb levels innervate limb muscles. Interestingly, the appearance of LMC and PGC neurons is associated with the
formation of limbs and a sympathetic nervous system, structures that emerged during vertebrate evolution(after Dasen et al., 2008).
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restriction of foxp1 transcripts was observed at the prospective pelvic
ﬁn position, at least by 5 days post-fertilization, although it is still
possible that the Hox–FoxP1 transcriptional network has been
partially established in spinal motor neurons. Future studies will
address whether levels of foxp1 expression in the spinal cord are
related to the anterior localization of appendicular motor pools in
zebraﬁsh.
Emergence of the LMC during vertebrate evolution
The ancestral state of spinal motor neurons seems to be deﬁned by
Lhx3/4, Isl1/2, and Hb9, transcription factors that deﬁne MMC
neurons in chick and mouse embryos (Landgraf and Thor, 2006). In
neurons of agnathan lampreys, transcripts of isl1/2 are observed
(Sugahara et al., 2011) and are assumed to deﬁne the counterparts of
MMC neurons (Fetcho, 1992). These transcription factors also seem to
deﬁne spinal motor neuron identities in both zebraﬁsh (Appel et al.,
1995; Glasgow et al., 1997; Hutchinson and Eisen, 2006) and Xenopus
(Borodinsky et al., 2004).
For further diversiﬁcation, such ancestral motor neurons must be
freed from Lhx3/4 inﬂuence. Recently, elegant transgenic analyses
have provided a foundation for understanding the molecular events
that triggered further Hox-dependent diversiﬁcation of motor neuron
columnar identities (Agalliu et al., 2009). Elevation of Wnt4/5 activity
was demonstrated to promote the production of MMC neurons by
maintaining expression of Lhx3. On the other hand, depletion of
Wnt4/5 activity inhibited production of MMC neurons and generated
additional HMC neurons (Agalliu et al., 2009). Based on these ﬁndings,
it was proposed that a decrease in Wnt4/5 activity may have been a
crucial step in the emergence of a population of motor neurons failing
to acquire Lhx3 expression (Agalliu et al., 2009). Further comparative
analyses of the strength of Wnt signaling in the spinal cord between
primitive aquatic vertebrates and tetrapods should provide clues to
the sequence of evolutionary events underlying the diversiﬁcation of
motor neuron columnar subtypes.
Establishment of the Hox–FoxP1 network should have allowed the
emergence of the LMC in populations of Lhx3-free motor neurons. In
chick and mouse embryos, the Hox–FoxP1 network speciﬁes the LMC
at appendicular levels (Dasen et al., 2008). A combination of
expression of Lhx1, Isl2, and Hb9 by a lateral set of LMC neurons
ensures that their axons select the Lmx1b-positive dorsal trajectory inthe limbs, whereas expression of Isl1 and Hb9 by a medial division
of LMC neurons allows their axons to innervate the Lmx1b-negative
ventral side of the limbs (Kania et al., 2000). In zebraﬁsh, isl1-positive
ventrally projecting motor neurons send their axons to Lmx1b-
negative abductor pectoral ﬁn muscles, which correspond to the
ventral muscle precursors in mouse limbs (Uemura et al., 2005). Thus,
the molecular basis for deﬁning medial LMC neurons may have
already been established in teleost ﬁshes. However, in actinopter-
ygian ﬁshes, motor neurons innervating paired ﬁns do not generate
LMC-like structures in the spinal cord (Finger and Kalil, 1985).
Furthermore, lhx1 seems to be expressed exclusively in interneurons,
rather than motor neurons, at least in early zebraﬁsh embryos
(Nguyen et al., 2000). Thus, it is likely that the molecular basis of
Lhx1-dependent lateral LMC speciﬁcation has not yet been completely
established in actinopterygian ﬁshes. It remains uncertain whether
themolecular basis of the Hox–FoxP1 network has been established in
actinopterygians. Although appendicular motor neurons do not
segregate into the LMC in actinopterygians, we still cannot exclude
the possibility that a small population of spinal motor neurons was
freed from Lhx3 inﬂuence and acquired Hox–FoxP1-dependent
mechanisms of motor neuron speciﬁcation. Motor neurons sending
axons to pelvic ﬁns are not likely to be segregated at particular hox
expression levels in the spinal cord of either zebraﬁsh or Nile tilapia
(Murata et al., 2010), and transcripts of foxp1 do not accumulate at the
pelvic ﬁn level in particular in zebraﬁsh larvae (Cheng et al., 2007). On
the other hand, in zebraﬁsh, motor neurons projecting to pectoral ﬁns
are suggested to originate near the anterior border of hox6 expression
(Ma et al., 2010) and increased expression of foxp1 is seen near
pectoral levels (Cheng et al., 2007). Future studies will further address
whether the Hox–FoxP1 network has been partially established in
actinopterygian ﬁshes. Morphological studies have conﬁrmed the
existence of LMC structures in the spinal cord of an anuran amphibian
(ten Donkelaar, 1998). Thus, it will be interesting to learn how much
of the molecular mechanisms for LMC speciﬁcation and the Hox–
FoxP1 network have been established in amphibians. Lhx1 and FoxP1
are expressed in the spinal cord of Xenopus tadpoles (Karavanov et al.,
1996; Pohl et al., 2005). Distribution of these critical molecules at the
appendicular levels in amphibian spinal cord should be studied in the
near future.
In summary, emergence of innervation of tetrapod limbs by the
LMC required the establishment of the Hox–FoxP1 network in spinal
motor neurons. Prior to this, some populations of motor neurons
Cyclostomes
Teleosts
Tetrapods
-Colinear Hox expression in the spinal cord
-Dual hindbrain-spinal cord origin of Paired appendages
Paired limbs
-Hox-dependent specification of
?
-High level of FoxP1 at branchial
and lumbar levels
-LMC at branchial and lumbar levels
-Hox-dependent specification of 
? -Spinal cord origin of branchial and lumbar motor neurons
appendicular motor neurons
pectoral motor neurons
pelvic motor neurons
Fig. 6.Model for the evolution of appendicular motor neurons. Collinear expression of Hox genes in the spinal cord seems to have been established prior to the origin of cyclostomes.
Pectoral innervation originates from both the hindbrain and the spinal cord in primitive vertebrates, and the caudal displacement of pectoral motor neurons seems to have occurred
in the lineage of tetrapods. In tetrapods, appendicular motor neurons have formed Hox-dependent LMCs at brachial and lumbar levels, and FoxP1 is likely to have been responsible
for the acquisition of the LMC. Themechanism of Hox-dependent pelvic motor neuron speciﬁcation has not yet been established in the lineage of teleosts. It is still uncertain how and
when the Hox-dependent appendicular innervation system was established in the vertebrate body plan(after Dasen et al., 2008; Ma et al., 2010; Murata et al., 2010; Takio et al.,
2004; Takio et al., 2007).
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dependent speciﬁcation of motor neuron columnar identities. It is still
unclear whether or not Hox–FoxP1-dependent speciﬁcation has been
partially established in the spinal motor neurons of primitive
vertebrates.Conclusions
During vertebrate evolution, motor neurons have undergone
sequential changes in their organization in the spinal cord in
accordance with the emergence of their peripheral targets (Fig. 6).
In tetrapods, the forelimbs and hindlimbs are formed at the level of
Hox6 and Hox10 expression, respectively, and the LMCs are
segregated at the same levels in the spinal cord. The appearance of
the LMCs seems to be linked to the emergence of paired limbs, and the
Hox accessory factor FoxP1 may have played a critical role in the
evolution of the LMC (Dasen et al., 2008). In the lineage of
actinopterygian ﬁshes, a Hox-dependent LMC has not been acquired,
and there is no substantial evidence that speciﬁcation of the
appendicular motor neurons depends on the expression patterns of
Hox genes in the spinal cord. It has been shown that primitive pectoral
innervation originated from both the hindbrain and the spinal cord.
Although caudal displacement of pectoral motor neurons during
evolution can perhaps be explained by the positional shift of Hox
expression in the spinal cord, future research should address whether
pectoral motor neurons are speciﬁed by Hox expression in actinopter-
ygians. Furthermore, the Hox-dependent mechanism of appendicular
innervation has not been established with regard to pelvic ﬁn
innervation. It will be important to validate how and when the Hox-
dependent appendicular innervation system was established during
vertebrate evolution.Acknowledgments
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